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Abstract
We calculate the tt¯ forward-backward asymmetry, AtFB, in Randall-Sundrum (RS) models
taking into account the dominant next-to-leading order (NLO) corrections in QCD. At
Born level we include the exchange of Kaluza-Klein (KK) gluons and photons, the Z
boson and its KK excitations, as well as the Higgs boson, whereas beyond the leading
order (LO) we consider the interference of tree-level KK-gluon exchange with one-loop
QCD box diagrams and the corresponding bremsstrahlungs corrections. We find that
the strong suppression of LO effects, that arises due to the elementary nature and the
mostly vector-like couplings of light quarks, is lifted at NLO after paying the price of an
additional factor of αs/(4pi). In spite of this enhancement, the resulting RS corrections
in AtFB remain marginal, leaving the predicted asymmetry SM-like. As our arguments
are solely based on the smallness of the axial-vector couplings of light quarks to the
strong sector, our findings are model-independent and apply to many scenarios of new
physics that address the flavor problem via geometrical sequestering.
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1 Introduction
The top quark is the heaviest particle in the Standard Model (SM) of particle physics. Its
large mass suggests that it might be deeply connected to the mechanism driving electroweak
symmetry breaking. Detailed experimental studies of the top-quark properties are thus likely
to play a key role in unravelling the origin of mass, making top-quark observables one of
the cornerstones of the Fermilab Tevatron and CERN Large Hadron Collider (LHC) physics
programmes.
Up to now, the CDF and DØ experiments at the Tevatron have collected thousands of
top-quark pair events, which allowed them to measure the top-quark mass, mt, and its total
inclusive cross section, σtt¯, with an accuracy of below 1% [1] and 10% [2, 3], respectively.
While these measurements are important in their own right, from the point of view of searches
for physics beyond the SM, determinations of kinematic distributions and charge asymmetries
in tt¯ production are more interesting, since these observables are particularly sensitive to
non-standard dynamics. Such searches have been performed at the Tevatron [4, 5, 6], and a
result for the tt¯ invariant mass spectrum, dσtt¯/dMtt¯, has been recently obtained from data
collected at CDF [7, 8]. The forward-backward asymmetry, AtFB, has also been measured
[9, 10, 11, 12, 13] and constantly found to be larger than expected. In the laboratory (pp¯)
frame the most recent CDF result reads(
AtFB
)pp¯
exp
= (15.0± 5.0 stat. ± 2.4 syst.)% , (1)
1
where the quoted uncertainties are of statistical and systematical origin, respectively.1
At leading order (LO) in QCD, the charge-asymmetric cross section is zero within the
SM. Starting from O(α3s) or next-to-leading order (NLO) onward, the quantity AtFB receives
non-vanishing contributions. These arise from the interference of tree-level gluon exchange
with one-loop QCD box diagrams and the interference of initial- and final-state radiation.
Including NLO as well as electroweak corrections [15, 16], the SM prediction in the pp¯ frame
for the inclusive asymmetry is [17](
AtFB
)pp¯
SM
= (5.1± 0.6)% , (2)
where the total error includes the individual uncertainties due to different choices of the parton
distribution functions (PDFs), the factorization and renormalization scales, and a variation of
mt within its experimental error. Recent theoretical determinations of (A
t
FB)SM, that include
the resummation of logarithmically enhanced threshold effects at NLO [18] and next-to-next-
to-leading order (NNLO) [19], are in substantial agreement with the latter number. These
results together with general theoretical arguments [20] suggest that the value (2) is robust
with respect to higher-order QCD corrections, making it a firm SM prediction.
Although the discrepancy between the experimental (1) and the theoretical (2) value of
AtFB is not significant given the sizable statistical error,
2 the persistently large values of the
observed asymmetry have triggered a lot of activity in the theory community [21, 22, 23, 24,
25, 26, 27, 28, 29, 30, 31, 32, 33, 34]. Many scenarios beyond the SM impact AtFB already
at LO by tree-level exchange of new heavy particles with axial-vector couplings to fermions.
However, it turns out to be difficult in general to explain the large central experimental value,
since any viable model must simultaneously avoid giving rise to unacceptably large deviations
in σtt¯ and/or dσtt¯/dMtt¯, which both show no evidence of non-SM physics. The first class
of proposed models envisions new physics in the t channel (or u channel) with large flavor-
violating couplings induced either by vector-boson exchange, namely W ′ [24, 31, 32] and Z ′
bosons [23, 29, 30, 31, 32, 33], or by exchange of color singlet, triplet, or sextet scalars [26, 27,
28, 29, 30, 32]. On general grounds, it is not easy to imagine how the necessary flavor-changing
couplings can be generated naturally without invoking ad hoc assumptions. A second class of
models involves s-channel tree-level exchange of new vector states [21, 22, 25, 29, 30, 32, 34],
preferably color octets to maximize their interference with QCD, that exhibit sizable axial-
vector couplings to both the light quarks, gqA, and the top quark, g
t
A. In order to achieve a
positive shift in AtFB the new vectors have to couple to the first and the third generation of
quarks with opposite axial-vector couplings [35], implying gqAg
t
A < 0. Examples of theories
that were found to lead to a positive shift in the charge asymmetry are scenarios with a warped
extra dimension [21] and flavor non-universal chiral color models [25, 34], both featuring heavy
exotic partners of the SM gluon.
The purpose of this article is to show that, in the wide class of scenarios beyond the SM
that are dominated by virtual exchange of vector bosons in the s channel, the NLO corrections
1Very recently DØ reported a measurement of (AtFB)
obs.
exp = (8 ± 4stat. ± 1syst.)% for tt¯ events that satisfy
the experimental acceptance cuts [14]. The corresponding SM prediction reads (AtFB)
obs.
SM =
(
1+2
−1
)
% and is
similarly below the observed value.
2With respect to the previously published CDF result [12], the updated measurement (1) is in better
agreement with the SM prediction. The former 2σ discrepancy is now a 1.7σ deviation.
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to AtFB can exceed the LO corrections if the axial-vector couplings to the light quarks are
suppressed.3 We will argue that this observation applies in particular to new-physics scenarios
that explain the hierarchical structures observed in the masses and mixing of the SM fermions
geometrically (which is in one-to-one correspondence to the Froggatt-Nielsen mechanism [37]).
Since this way of generating fermion hierarchies also entails a suppression of harmful flavor-
changing neutral currents (FCNCs), sequestering flavor is likely to be an integral part of
any theory where the solution to the fermion puzzle is associated to a new-physics scale low
enough to be directly testable at the LHC. While our considerations are for most of the part
general, we find it instructive to elucidate them by working out in detail the relevant LO
and NLO corrections to AtFB that arise in Randall-Sundrum (RS) models [38]. This class of
constructions can be regarded as the prototype of non-standard scenarios harnessing the idea
of split fermions [39] by locating the left- and right-handed fermions at different places in a
warped extra dimension. While the localization pattern gives rise to the necessary axial-vector
couplings gq,tA of Kaluza-Klein (KK) gluons to the SM quarks, the couplings g
q
A turn out to be
doubly suppressed: first, because the light quarks reside in the ultraviolet (UV) and, second,
because their wave functions of different chiralities are localized nearby in the fifth dimension.
The light-quark vector couplings gqV do not suffer from the latter type of suppression. In
contrast, the top-quark axial-vector and vector couplings, gtA,V , can be sizable due to the
large overlap of the third-generation up-type quark wave functions with the ones of the KK
gluons, all of which are peaked in the infrared (IR). Given the strong suppression of gqAg
t
A in
the RS framework, it is then natural to ask if the effects in AtFB that depend on the product
gqV g
t
V of vector couplings are phenomenologically more important, despite the fact that this
combination enters the prediction for the charge asymmetry first at the one-loop level. This
question can only be answered by studying the interplay of new-physics contributions to tt¯
production at LO and NLO in detail, and this is exactly what we will do in the following.
This article is organized as follows. After reviewing in Section 2 the kinematics and the
structure of the various tt¯ observables in the SM, we present in Section 3 the calculation of the
RS corrections to the total cross section σtt¯ and the forward-backward asymmetry A
t
FB. At
LO we compute the tree-level exchange of KK gluons and photons, the Z boson and its KK
resonances, as well as the Higgs boson, while at NLO we take into account the interference of
the dominant tree-level KK-gluon exchange with the one-loop QCD box graphs supplemented
by real gluon emission. In order to keep our discussion as general as possible, we perform
the calculation in an effective-field theory (EFT) obtained after integrating out the heavy
KK states. As a result, our analytic formulas are applicable to a wide class of scenarios
with non-standard dynamics above the electroweak scale. We then discuss the structure of
the LO and NLO corrections that arise from the exchange of KK gluons in the s channel.
As anticipated, we find that, due to the strong suppression of the axial-vector couplings of
light quarks, the O(α3s) corrections to AtFB typically dominate over the O(α2s) contributions in
warped models. Our detailed numerical analysis of Section 4 confirms this general finding, but
also shows that RS effects are too small to explain the anomalously large value of the tt¯ charge
asymmetry measured at the Tevatron. We conclude in Section 5. In a series of appendices
3The importance of NLO corrections has been briefly mentioned in [36], which discusses the charge asym-
metry in the exclusive channel pp¯→ tt¯X .
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we collect details on the phase-space factors appearing in the Higgs-boson contribution, give
the analytic expressions for the relevant Wilson coefficients, present compact formulas for
the renormalization group (RG) evolution of the relevant Wilson coefficients, and detail the
parameter points used in our numerical analysis.
2 Top-Antitop Production in the SM
At the Tevatron tt¯ pairs are produced in collisions of protons and antiprotons, pp¯ → tt¯X .
Within the SM the hadronic process receives partonic Born-level contributions from quark-
antiquark annihilation and gluon fusion
q(p1) + q¯(p2)→ t(p3) + t¯(p4) ,
g(p1) + g(p2)→ t(p3) + t¯(p4) ,
(3)
where the four-momenta p1,2 of the initial state partons can be expressed as the fractions x1,2
of the four-momenta P1,2 of the colliding hadrons, p1,2 = x1,2P1,2, and s = (P1 + P2)
2 denotes
the hadronic center-of-mass (CM) energy squared. The partonic cross section is a function of
the kinematic invariants
sˆ = (p1 + p2)
2 , t1 = (p1 − p3)2 −m2t , u1 = (p2 − p3)2 −m2t , (4)
and momentum conservation at Born level implies that sˆ+ t1 + u1 = 0.
Since we will be interested in the differential cross section with respect to the invariant
mass Mtt¯ =
√
(p3 + p4)2 of the tt¯ pair and the angle θ between ~p1 and ~p3 in the partonic CM
frame, we express t1 and u1 in terms of θ and the top-quark velocity β,
t1 = − sˆ
2
(1− β cos θ) , u1 = − sˆ
2
(1 + β cos θ) , β =
√
1− ρ , ρ = 4m
2
t
sˆ
. (5)
The hadronic differential cross section may then be written as
dσpp¯→tt¯X
d cos θ
=
αs
m2t
∑
i,j
∫ s
4m2
t
dsˆ
s
ffij
(
sˆ/s, µf
)
Kij
(
4m2t
sˆ
, cos θ, µf
)
, (6)
where µf denotes the factorization scale and we have introduced the parton luminosity func-
tions
ffij(y, µf) =
∫ 1
y
dx
x
fi/p(x, µf) fj/p¯(y/x, µf) . (7)
The luminosities for ij = qq¯, q¯q are understood to be summed over all species of light quarks,
and the functions fi/p(x, µf) (fi/p¯(x, µf )) are the universal non-perturbative PDFs, which
describe the probability of finding the parton i in the proton (antiproton) with longitudinal
momentum fraction x. The hard-scattering kernels Kij(ρ, cos θ, µf) are related to the partonic
cross sections and have a perturbative expansion in αs of the form
Kij(ρ, cos θ, µf) =
∞∑
n=0
(αs
4π
)n
K
(n)
ij (ρ, cos θ, µf) . (8)
4
In the SM only the hard-scattering kernels with ij = qq¯, q¯q, gg are non-zero at LO in αs. By
calculating the amplitudes corresponding to s-channel gluon exchange one finds
K
(0)
qq¯ = αs
πβρ
8
CF
Nc
(
t21 + u
2
1
sˆ2
+
2m2t
sˆ
)
,
K(0)gg = αs
πβρ
8(N2c − 1)
(
CF
sˆ2
t1u1
−Nc
)[
t21 + u
2
1
sˆ2
+
4m2t
sˆ
− 4m
4
t
t1u1
]
,
(9)
and the coefficient K
(0)
q¯q is obtained from K
(0)
qq¯ by replacing cos θ with − cos θ. The factors
Nc = 3 and CF = 4/3 are the usual color factors of SU(3)c.
In the context of our work it will be convenient to follow [18] and to introduce charge-
asymmetric (a) and -symmetric (s) averaged differential cross sections. In the former case, we
define
dσa
d cos θ
≡ 1
2
[
dσpp¯→tt¯X
d cos θ
− dσ
pp¯→t¯tX
d cos θ
]
, (10)
with dσpp¯→tt¯X/d cos θ given in (6). The corresponding expression for the charge-symmetric av-
eraged differential cross section dσs/d cos θ is simply obtained from the above by changing the
minus into a plus sign. The notation indicates that in the process labelled by the superscript
pp¯ → tt¯X (pp¯ → t¯tX) the angle θ corresponds to the scattering angle of the top (antitop)
quark in the partonic CM frame. Using (10) one can derive various physical observables in tt¯
production. For example, the total hadronic cross section is given by
σtt¯ =
∫ 1
−1
d cos θ
dσs
d cos θ
. (11)
We will mainly be interested in the total tt¯ charge asymmetry defined by
Atc ≡
∫ 1
0
d cos θ
dσa
d cos θ∫ 1
0
d cos θ
dσs
d cos θ
. (12)
Since QCD is symmetric under charge conjugation, which implies that
dσpp¯→t¯tX
d cos θ
∣∣∣∣
cos θ=c
=
dσpp¯→tt¯X
d cos θ
∣∣∣∣
cos θ=−c
, (13)
for any fixed value c, the charge asymmetry can also be understood as a forward-backward
asymmetry
Atc = A
t
FB ≡
∫ 1
0
d cos θ
dσpp¯→tt¯X
d cos θ
−
∫ 0
−1
d cos θ
dσpp¯→tt¯X
d cos θ∫ 1
0
d cos θ
dσpp¯→tt¯X
d cos θ
+
∫ 0
−1
d cos θ
dσpp¯→tt¯X
d cos θ
=
σa
σs
. (14)
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For later convenience we express the asymmetric contribution to the cross section as
σa =
αs
m2t
∑
i,j
∫ s
4m2
t
dsˆ
s
ffij
(
sˆ/s, µf
)
Aij
(
4m2t
sˆ
)
. (15)
An analogous expression holds in the case of the symmetric contribution σs with the hard-
scattering charge-asymmetric coefficient Aij(4m
2
t/sˆ) replaced by its symmetric counterpart
Sij(4m
2
t/sˆ).
In the SM the LO coefficients of the symmetric part read
S
(0)
qq¯ = αs
πβρ
27
(2 + ρ) ,
S(0)gg = αs
πβρ
192
[
1
β
ln
(
1 + β
1− β
)(
16 + 16ρ+ ρ2
)− 28− 31ρ] , (16)
while the asymmetric contributions A
(0)
qq¯ and A
(0)
gg both vanish identically. As we will explain in
detail in Section 3.2, at NLO a non-zero coefficient A
(1)
qq¯ is generated in the SM, which leads to
a forward-backward asymmetry that is suppressed by αs/(4π) with respect to the symmetric
cross section.
3 Cross Section and Asymmetry in RS Models
The RS framework was originally proposed to explain the large hierarchy between the elec-
troweak and the Planck scales via red-shifting in a warped fifth dimension. If the SM fermions
and gauge bosons are allowed to propagate in the bulk of the extra dimension [40, 41, 42, 43,
44], the RS model is in addition a promising theory of flavor [39, 42, 44, 45, 46, 47].4 Since
the fermion zero modes are exponentially localized either in the UV (light SM fermions) or IR
(heavy SM fermions), the effective Yukawa couplings resulting from their wave-function over-
lap with the Higgs boson naturally exhibit exponential hierarchies. In this way one obtains an
extra-dimensional realization [49, 50] of the Froggatt-Nielsen mechanism [37], in which the fla-
vor structure is accounted for apart from O(1) factors. Another important feature that follows
from the structure of the overlap integrals is that the effective coupling strength of KK gluons
to heavy quarks is enhanced relative to the SM couplings by a factor
√
L [40, 41] because the
involved fields are all localized in the IR. Here L ≡ ln (MPl/MW ) ≈ ln (1016) ≈ 37 denotes the
logarithm of the warp factor, which is fixed by the hierarchy between the electroweak (MW )
and the fundamental Planck (MPl) scales. Since left- and right-handed fermions are localized
at different points in the bulk, the KK-gluon couplings to quarks are in general not purely
vector-like, but receive non-vanishing axial-vector components. These couplings generate a
charge asymmetry in top-quark pair production at LO, which is associated to quark-antiquark
annihilation qq¯ → tt¯ and proceeds through tree-level exchange of KK gluons in the s channel.
In the RS model, further corrections to AtFB arise from the fact that the couplings of KK
gluons and photons, the Z boson and its KK excitations, as well as the Higgs boson are flavor
4A list of further relevant references can be found in [48].
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non-diagonal, leading to the flavor-changing uu¯ → tt¯ transition which affects the t channel.5
The corresponding diagrams are shown in Figure 1. On the other hand, the gluon-fusion
channel gg → tt¯ does not receive a correction at Born level, since owing to the orthonormality
of gauge-boson wave functions the coupling of two gluons to a KK gluon is zero.
3.1 Calculation of LO Effects
Since the KK scale MKK is at least of the order of a few times the electroweak scale, virtual
effects appearing in RS models can be decribed by means of an effective low-energy theory
consisting out of dimension-six operators. In the case at hand, the effective Lagrangian needed
to account for the effects of intermediate vector and scalar states reads
Leff =
∑
q,u
∑
A,B=L,R
[
C
(V,8)
qq¯,ABQ
(V,8)
qq¯,AB + C
(V,8)
tu¯,ABQ
(V,8)
tu¯,AB + C
(V,1)
tu¯,ABQ
(V,1)
tu¯,AB + C
(S,1)
tu¯,ABQ
(S,1)
tu¯,AB
]
, (17)
where
Q
(V,8)
qq¯,AB = (q¯γµT
aPAq)(t¯γ
µT aPB t) ,
Q
(V,8)
tu¯,AB = (u¯γµT
aPAt)(t¯γ
µT aPBu) ,
Q
(V,1)
tu¯,AB = (u¯γµPAt)(t¯γ
µPBu) ,
Q
(S,1)
tu¯,AB = (u¯PAt)(t¯PBu) ,
(18)
and the sum over q (u) involves all light (up-type) quark flavors. In addition, PL,R = (1∓γ5)/2
project onto left- and right-handed chiral quark fields, and T a are the generators of SU(3)c
normalized such that Tr
(
T aT b
)
= TF δab with TF = 1/2. The superscripts V and S (8 and 1)
label vector and scalar (color-octet and -singlet) contributions, respectively.
Using the effective Lagrangian (17) it is straightforward to calculate the interference be-
tween the tree-level matrix element describing s-channel SM gluon exchange and the s- and
t-channel new-physics contributions arising from the Feynman graphs displayed in Figure 1.
In terms of the following combinations of Wilson coefficients
C
(P,a)
ij,‖ = Re
[
C
(P,a)
ij,LL + C
(P,a)
ij,RR
]
, C
(P,a)
ij,⊥ = Re
[
C
(P,a)
ij,LR + C
(P,a)
ij,RL
]
, (19)
the resulting hard-scattering kernels take the form
K
(0)
qq¯,RS =
βρ
32
CF
Nc
[
t21
sˆ
C
(V,8)
qq¯,⊥ +
u21
sˆ
C
(V,8)
qq¯,‖ +m
2
t
(
C
(V,8)
qq¯,‖ + C
(V,8)
qq¯,⊥
)]
,
K
(0)
tu¯,RS =
βρ
32
CF
Nc
[(
u21
sˆ
+m2t
)(
1
Nc
C
(V,8)
tu¯,‖ − 2C(V,1)tu¯,‖
)
+
(
t21
sˆ
+m2t
)
C
(S,1)
tu¯,⊥
]
.
(20)
Notice that as in the SM the coefficient K
(0)
q¯q,RS
(
K
(0)
t¯u,RS
)
is obtained from K
(0)
qq¯,RS
(
K
(0)
tu¯,RS
)
by
simply replacing cos θ with − cos θ.
5In principle, also the dd¯→ tt¯ transition receives corrections due to the t-channel exchange of the W boson
and its KK partners. We have explicitly verified that these effects are negligibly small for viable values of
MKK. Therefore we will ignore them in the following.
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t
t
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t
t
Z, Z(k) γ(k)
u
u
t
t
h
Figure 1: Upper row: Tree-level contributions to the qq¯ → tt¯ (left) and the uu¯ → tt¯
(right) transition arising from s- and t-channel exchange of KK gluons. Lower row:
Tree-level contributions to the uu¯ → tt¯ transition arising from t-channel exchange of
the Z boson, of KK photons and Z bosons as well as of the Higgs boson. The s-channel
(t-channel) amplitudes receive corrections from all light up- and down-type (up-type)
quark flavors.
After integrating over cos θ, one obtains the LO corrections to the symmetric and asym-
metric parts of the cross section defined in (15). In the case of the symmetric part we find
S
(0)
uu¯,RS =
βρ
216
(2 + ρ) sˆ
[
C
(V,8)
uu¯,‖ + C
(V,8)
uu¯,⊥ +
1
3
C
(V,8)
tu¯,‖ − 2C(V,1)tu¯,‖
]
+ fS(z) C˜
S
tu¯ ,
S
(0)
dd¯,RS
=
βρ
216
(2 + ρ) sˆ
[
C
(V,8)
dd¯,‖
+ C
(V,8)
dd¯,⊥
]
,
(21)
while the asymmetric part in the partonic CM frame takes the form
A
(0)
uu¯,RS =
β2ρ
144
sˆ
[
C
(V,8)
uu¯,‖ − C(V,8)uu¯,⊥ +
1
3
C
(V,8)
tu¯,‖ − 2C(V,1)tu¯,‖
]
+ fA(z) C˜
S
tu¯ ,
A
(0)
dd¯,RS
=
β2ρ
144
sˆ
[
C
(V,8)
dd¯,‖
− C(V,8)
dd¯,⊥
]
.
(22)
Obviously, the coefficients involving down-type quarks do not receive corrections from flavor-
changing t-channel transitions. Notice that in (21) the coefficients C
(V,8)
qq¯,‖ and C
(V,8)
qq¯,⊥ enter
in the combination CVqq¯ ≡
(
C
(V,8)
qq¯,‖ + C
(V,8)
qq¯,⊥
)
, while in (22) they always appear in the form
CAqq¯ ≡
(
C
(V,8)
qq¯,‖ − C(V,8)qq¯,⊥
)
. This feature expresses the fact that the symmetric (asymmetric) LO
cross section σs (σa) measures the product g
q
V g
t
V
(
gqAg
t
A
)
of the vector (axial-vector) parts
of the couplings of the KK gluons to light quarks and top quarks. In order to be able to
incorporate a light Higgs boson with mh ≪ MKK into our analysis, we have kept the full
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Higgs-boson mass dependence arising from the t-channel propagator.6 This dependence is
described by the phase-space factors fS,A(z) with z ≡ m2h/m2t . The analytic expressions for
fS,A(z) can be found in Appendix A. The new Wilson coefficient C˜
S
tu¯ is the dimensionless
counterpart of C
(S,1)
tu¯,⊥ .
The expressions (21) and (22) encode in a model-independent way possible new-physics
contributions to σs,a that arise from tree-level exchange of color-octet vectors in the s and t
channels, as well as from t-channel corrections due to both new color-singlet vector and scalar
states. While this feature should make them useful in general, in the minimal RS model based
on an SU(2)L × U(1)Y bulk gauge symmetry, the Wilson coefficients appearing in S(0)ij,RS and
A
(0)
ij,RS take the following specific form. Employing the notation of [48, 49, 51], we find
C
(V,8)
qq¯,‖ = −
2παs
M2KK
{
1
L
−
∑
a=Q,q
[
(∆′a)11 + (∆
′
a)33 − 2L (∆˜a)11 ⊗ (∆˜a)33
]}
,
C
(V,8)
qq¯,⊥ = −
2παs
M2KK
{
1
L
−
∑
a=Q,q
[
(∆′a)11 + (∆
′
a)33
]
+ 2L
[
(∆˜Q)11 ⊗ (∆˜q)33 + (∆˜q)11 ⊗ (∆˜Q)33
]}
,
C
(V,8)
tu¯,‖ = −
4παs
M2KK
L
∑
a=U,u
[
(∆˜a)13 ⊗ (∆˜a)31
]
,
C
(V,1)
tu¯,‖ = −
4παe
M2KK
L
s2wc
2
w
[(
T u3 − s2wQu
)2
(∆˜U)13 ⊗ (∆˜U)31 +
(
s2wQu
)2
(∆˜u)13 ⊗ (∆˜u)31
]
− 4παe
M2KK
LQ2u
∑
a=U,u
[
(∆˜a)13 ⊗ (∆˜a)31
]
,
(23)
for q = u, d and Q = U,D. Since the coefficient C
(S,1)
tu¯,⊥ is formally of O(v4/M4KK), we do
not present its explicit form. Analogous expressions with the index 1 replaced by 2 hold if
the quarks in the initial state belong to the second generation. Above, αs (αe) is the strong
(electromagnetic) coupling constant, sw (cw) denotes the sine (cosine) of the weak mixing
angle, whereas T u3 = 1/2 and Qu = 2/3 are the isospin and electric charge quantum numbers
relevant for up-type quarks. The effective couplings (∆Q,q)ij comprise the overlap between KK
gauge bosons and SU(2)L doublet (Q) or singlet (q) quarks of generations i and j. Explicit
expressions for them can be found in [49]. The coefficients (23) are understood to be evaluated
at the KK scale. The inclusion of RG effects, arising from the evolution down to the top-quark
mass scale, influences the obtained results only in a minor way. Details on the latter issue can
be found in Appendix C. We emphasize that while the expressions for C
(V,8)
qq¯,‖ , C
(V,8)
qq¯,⊥ , and C
(V,8)
tu¯,‖
are exact, in the coefficient C
(V,1)
tu¯,‖ we have only kept terms leading in v
2/M2KK. The complete
expression for C
(V,1)
tu¯,‖ , including the subleading effects arising from the corrections due to the
mixing of fermion zero modes with their KK excitations (that are of O(v4/M4KK)), can be
6The observant reader might wonder why we do not introduce form factors for the t-channel contribution
arising from the Z-boson as well. The reason is that corrections due to Z-boson exchange turn out to be of
O(v4/M4KK). These effects are hence subleading and we simply ignore them in the following.
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easily recovered from [49]. All these corrections will be included in our numerical analysis
presented in Section 4.
The expressions for the Wilson coefficients in the extended RS model based on an SU(2)R×
SU(2)L × U(1)X × PLR bulk gauge group can be simply obtained from (23) by applying the
general formalism developed in [52]. Using this formalism, one finds that the left-handed
part of the Z-boson contribution to C
(V,1)
tu¯,‖ is enhanced by a factor of around 3, while the
right-handed contribution is protected by custodial symmetry and thus smaller by a factor
of roughly 1/L ≈ 1/37. In contrast, the KK-gluon contributions, encoded in C(V,8)qq¯,‖ , C(V,8)qq¯,⊥ ,
and C
(V,8)
tu¯,‖ , remain unchanged at leading order in O(v2/M2KK). Taken together these features
imply that the predictions for the tt¯ observables considered in the course of our work are rather
model-independent.
Explicit analytic expressions for the Wilson coefficients (23) in the “zero-mode approxima-
tion” (ZMA), which at the technical level corresponds to an expansion of the exact quark wave
functions in powers of the ratio of the Higgs vacuum expectation value (VEV) v ≈ 246 GeV
and the KK scale MKK = O(few TeV), are given in Appendix B. They depend on the “zero-
mode profiles” [42, 44]
F (c) = sgn [cos(πc)]
√
1 + 2c
1− ǫ1+2c , (24)
which are themselves functions of the bulk mass parameters cQi ≡ +MQi/k and cqi ≡ −Mqi/k
that determine the localization of the quark fields in the extra dimension. Here MQi and Mqi
denote the masses of the five-dimensional (5D) SU(2)L doublet and singlet fermions, k is the
curvature of the 5D anti de-Sitter (AdS5) space, and ǫ ≡ e−L ≈ 10−16.
Restricting ourselves to the corrections proportional to αs and suppressing relative O(1)
factors as well as numerically subleading terms, one finds from the results given in (B1) that
the coefficient functions S
(0)
ij,RS and A
(0)
ij,RS introduced in (21) and (22) scale in the case of the
up quark like
S
(0)
uu¯,RS ∼
4παs
M2KK
∑
A=L,R
F 2(ctA) ,
A
(0)
uu¯,RS ∼ −
4παs
M2KK
L
{∏
q=t,u
[
F 2(cqR)− F 2(cqL)
]
+
1
3
∑
A=L,R
F 2(ctA)F
2(cuA)
}
,
(25)
where ctL ≡ cQ3, ctR ≡ cu3, cuL ≡ cQ1, and cuR ≡ cu1 .
Under the natural assumptions that the bulk mass parameters of the top and up quarks
satisfy ctA > −1/2 and cuA < −1/2,7 the relevant F 2(cqA) factors can be approximated by
F 2(ctA) ≈ 1 + 2ctA , F 2(cuA) ≈ (−1− 2cuA) eL(2cuA+1) , (26)
with A = L,R. The difference of bulk mass parameters for light quarks (cuL−cuR) is typically
small and positive, whereas (ctL − ctR) can be of O(1) and is usually negative [48]. Using the
7In an anarchic approach to flavor this choice of bulk mass parameters is required to obtain the correct
quark masses and mixing angles [45, 46, 47, 48].
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above approximations and expanding in powers of (cuL − cuR), we find
S
(0)
uu¯,RS ∼
4παs
M2KK
2 (1 + ctL + ctR) ,
A
(0)
uu¯,RS ∼
4παs
M2KK
2LeL(1+cuL+cuR) (1 + cuL + cuR)
×
{(
2 +
1
3
)
L (ctL − ctR) (cuL − cuR) +
1
3
(1 + ctL + ctR)
}
,
(27)
where the symmetric function S
(0)
uu¯,RS is entirely due to s-channel KK-gluon exchange, while
the contributions to the asymmetric coefficient A
(0)
uu¯,RS that arise from the s channel (t channel)
correspond to the term(s) with coefficient 2 (1/3) in the curly bracket.
The relations (27) exhibit a couple of interesting features. We first observe that S
(0)
uu¯,RS,
which enters the RS prediction for σs in (15), is in our approximation independent of the
localization of the up-quark fields and strictly positive (as long as ctA > −1/2). This in
turn implies an enhancement of the inclusive tt¯ production cross section which gets the more
pronounced the stronger the right- and left-handed top-quark wave functions are localized in
the IR.
In contrast to S
(0)
uu¯,RS, both terms in A
(0)
uu¯,RS are exponentially suppressed for UV-localized
up quarks, i.e., cuA < −1/2. For typical values of the bulk mass parameters, ctL = −0.34,
ctR = 0.57, cuL = −0.63, and cuR = −0.68 [48], one finds numerically that the first term in
the curly bracket of (27), which is enhanced by a factor of L but suppressed by the small
difference (cuL − cuR) of bulk mass parameters, is larger in magnitude than the second one
by almost a factor of 10. This implies that to first order the charge asymmetry can be
described by including only the effects from s-channel KK-gluon exchange. Since generically
(1 + cuL + cuR)(cuL − cuR) < 0, we furthermore observe that a positive LO contribution to
A
(0)
uu¯,RS requires (ctL − ctR) to be negative, which can be achieved by localizing the right-
handed top quark sufficiently far in the IR. To leading powers in hierarchies, one finds using
the warped-space Froggatt-Nielsen formulas given in [49] the condition
ctR &
mt√
2v |Yt|
− 1
2
, (28)
where the top-quark mass is understood to be normalized at the KK scale and Yt ≡ (Yu)33
denotes the 33 element of the dimensionless up-type quark Yukawa coupling. Numerically,
this means that for mt(1 TeV) = 144GeV and |Yt| = 1 values for ctR bigger than 0 lead
to A
(0)
uu¯,RS > 0 and thus to a positive shift in σa. Taken together, it turns out that the
discussed features of A
(0)
uu¯,RS render the tree-level contribution to the charge asymmetry in the
RS framework tiny.8 As we will see below in our numerical analysis, the inclusion of electroweak
corrections arising from the Born-level exchange of the Z boson, of KK excitations of both the
photon and the Z boson as well as of the Higgs boson, do not change this picture qualitatively.
8This conclusion can also be drawn from the statements made in [53] concerning the mostly vector-like
couplings of light quarks.
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3.2 Calculation of NLO Effects
In models with small axial-vector couplings to light quarks and no significant FCNC effects
in the t channel, the charge-asymmetric cross section σa is suppressed at LO. As we will show
in the following, this suppression can be evaded by going to NLO, after paying the price of
an additional factor of αs/(4π). In order to understand how the LO suppression is lifted at
the loop level, it is useful to recall the way in which the charge asymmetry arises in the SM.
Since QCD is a pure vector theory, the lowest-order processes qq¯ → tt¯ and gg → tt¯, which are
of O(α2s) do not contribute to AtFB. However, starting at O(α3s), quark-antiquark annihilation
qq¯ → tt¯ (g), as well as flavor excitation qg → qtt¯ receive charge-asymmetric contributions
[15, 16], while gluon fusion gg → tt¯ (g), remains symmetric to all orders in perturbation theory.
Charge conjugation invariance can be invoked to show that, as far as the virtual corrections
to qq¯ → tt¯ are concerned, only the interference between the lowest-order and the QCD box
graphs contributes to the asymmetry at NLO. Similarly, for the bremsstrahlungs (or real)
contributions, only the interference between the amplitudes that are odd under the exchange
of t and t¯ furnishes a correction. Since the axial-vector current is even under this exchange,
the NLO contribution to the asymmetry arises solely from vector-current contributions. These
features imply that at NLO the charge-asymmetric cross section is proportional to the d2abc =(
2Tr
({T a, T b}T c))2 terms [15, 16] that originate from the interference of both the one-loop
box and tt¯g final states with the tree-level quark-antiquark annihilation diagram. The relevant
Feynman graphs are obtained from the ones shown in Figure 2 by replacing the operator
insertion by an s-channel gluon exchange. The QCD expression for σa can be derived from
the analogous quantity in the electromagnetic process e+e− → µ+µ− [54, 55] by a suitable
replacement of the QED coupling and the electromagnetic charges. Explicit formulas for
the asymmetric contributions to the tt¯ production cross section in QCD are given in [16].
Contributions from flavor excitation are negligibly small at the Tevatron and will not be taken
into account in the following.
The main lesson learned from the way the charge asymmetry arises in QCD is that beyond
LO vector couplings alone are sufficient to generate non-vanishing values of AtFB. In the case of
the EFT (17) this means that cut diagrams like the ones shown in Figure 2, can give a sizable
contribution to the charge asymmetry if the combination CVqq¯ =
(
C
(V,8)
qq¯,‖ + C
(V,8)
qq¯,⊥
)
of Wilson
coefficients is large enough. In fact, from (21), (22), and (27) it is not difficult to convince
oneself that in the case of the RS model NLO corrections to σa should dominate over the LO
ones, if the condition9
αs
4π
(1 + ctL + ctR) & Le
L(1+cuL+cuR) (29)
is fulfilled. For example, employing ctL = −0.34, cuL = −0.63, and cuR = −0.68, the above
formula tells us that for ctR = 0.57 the NLO contributions are bigger than the LO corrections
by a factor of roughly 25. This suggests that it might be possible to generate values of AtFB that
can reach the percent level with typical and completely natural choices of parameters. Notice
that in contrast to QCD, in the RS framework the Feynman graphs displayed in Figure 2 are
not the only sources of charge-asymmetric contributions. Self-energy, vertex, and counterterm
9This inequality should be considered only as a crude approximation valid up to a factor of O(1).
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Figure 2: Representative diagrams contributing to the forward-backward asymmetry
in tt¯ production at NLO. The two-particle (three-particle) cut (represented by a dashed
line) corresponds to the interference of qq¯ → tt¯ (qq¯ → tt¯g) with Q(V,8)qq¯,AB. The insertion
of the effective operator is indicated by a black square. The SM contribution is simply
obtained by replacing the operator by s-channel gluon exchange.
diagrams will also lead to an asymmetry.10 However, these corrections are, like the Born-level
contribution, all exponentially suppressed by the UV localization of the light-quark fields (and
the small axial-vector coupling of the light quarks for what concerns the contributions from
the operators Q
(V,8)
qq¯,AB). Compared to the tree-level corrections, these contributions are thus
suppressed by an additional factor of αs/(4π), so that they can be ignored for all practical
purposes.
The above explanations should be motivation enough to perform a calculation of AtFB in
the RS model beyond LO including the graphs depicted in Figure 2. After integrating over
cos θ, we obtain in the partonic CM frame (qq¯ = uu¯, dd¯)
A
(1)
qq¯,RS =
sˆ
16παs
CVqq¯A
(1)
qq¯ , (30)
where A
(1)
qq¯ denotes the NLO asymmetric SM coefficient, normalized according to (8). This
function can be described through a parametrization which is accurate to the permille level.
The result of our fit reads
A
(1)
qq¯ =
αs d
2
abc
16N2c
5.994 βρ
[
1 + 17.948 β − 20.391 β2 + 6.291 β3 + 0.253 ln (1− β)
]
, (31)
where Nc = 3 and d
2
abc = (N
2
c − 1) (N2c − 4) /Nc = 40/3. It has been obtained by integrating
the expressions for the charge-asymmetric contributions to the differential tt¯ production cross
section given in [16] over the relevant phase space.11 In the left panel of Figure 3 we show A
(1)
qq¯
as a function of
√
sˆ, employing mt = 173.1GeV [1] and αs(mt) = 0.126. We clearly see that
the SM distribution A
(1)
qq¯ (solid curve) peaks at around
√
sˆ ≈ 420GeV, i.e., relatively close
to the tt¯ threshold. The NLO RS contribution A
(1)
qq¯,RS (dashed curve) does not exhibit such
a drop-off at large
√
sˆ due to the additional factor of sˆ in (30). Since the quark luminosities
10Box diagrams involving the virtual exchange of one zero-mode and one KK gluon potentially also give a
contribution to AtFB at NLO. We do not include such effects here.
11The numerical integration has been performed using the Vegas Monte Carlo algorithm implemented in the
CUBA library [56]
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Figure 3: The asymmetric coefficient A
(1)
qq¯ (left panel) and the differential hadronic
asymmetry dσa/d
√
sˆ (right panel) as functions of
√
sˆ in the SM (solid lines) and the
RS model (dashed lines). For presentational purposes the shown RS contributions have
been obtained using the fictitious value CVqq¯ = 10/ TeV
2. See text for further details.
ffij(sˆ/s, µf) fall off strongly with sˆ, behaving roughly like 1/sˆ
2, the integrated asymmetry in
(15) is saturated well before the upper integration limit s is reached. This can be seen from the
right panel in Figure 3, where we multiplied the coefficients A
(1)
qq¯ and A
(1)
qq¯,RS with the up-quark
PDFs ffuu¯(sˆ/s, µf).
4 Numerical Analysis
The Wilson coefficients appearing in the effective Lagrangian (17) are constrained by the
measurements of the forward-backward asymmetry AtFB, the total cross section σtt¯, and the
tt¯ invariant mass spectrum dσtt¯/dMtt¯. The latest result for A
t
FB has already been given in
(1) and the most recent Tevatron results (
√
s = 1.96TeV) for the remaining measurements of
interest read [2, 7, 8]
(σtt¯)exp = (7.50± 0.31stat. ± 0.34syst. ± 0.15lumi.) pb ,
(32)(
dσtt¯
dMtt¯
)Mtt¯ ∈ [800,1400] GeV
exp
= (0.068± 0.032stat. ± 0.015syst. ± 0.004lumi.) fb
GeV
.
Here the quoted individual errors are of statistical and systematic origin, and due to the
luminosity uncertainty, respectively. Notice that in the case of the tt¯ invariant mass spectrum,
we have restricted our attention to the last bin of the available CDF measurement, i.e.,
Mtt¯ ∈ [800, 1400] GeV, which is most sensitive to the presence of new degrees of freedom with
masses in the TeV range.
The above results should be compared to the predictions obtained in the SM supplemented
by the dimension-six operators (17). Ignoring tiny contributions related to the (anti)strange-,
(anti)charm-, and (anti)bottom-quark content of the proton (antiproton), we find in terms of
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the dimensionless coefficients C˜Vqq¯ ≡ 1TeV2CVqq¯ and C˜Vtu¯ ≡ 1TeV2
(
1/3C
(V,8)
tu¯,‖ − 2C(V,1)tu¯,‖
)
the
following expressions
(σtt¯)RS =
[
1 + 0.053
(
C˜Vuu¯ + C˜
V
tu¯
)− 0.612 C˜Stu¯ + 0.008 C˜Vdd¯] (6.73+0.52−0.80) pb ,
(33)(
dσtt¯
dMtt¯
)Mtt¯ ∈ [800,1400] GeV
RS
=
[
1 + 0.33
(
C˜Vuu¯ + C˜
V
tu¯
)− 0.81 C˜Stu¯ + 0.02 C˜Vdd¯] (0.061+0.012−0.006) fbGeV ,
where all Wilson coefficients are understood to be evaluated at mt. The numerical factors
multiplying C˜Stu¯ correspond to a Higgs mass of mh = 115GeV, which we will adopt in the
following. The RG evolution of the Wilson coefficients from MKK to mt is achieved with the
formulas given in Appendix C. The dependence of σtt¯ and dσtt¯/dMtt¯ on C˜
P
ij has been ob-
tained by convoluting the kernels (21) with the parton luminosities ffij(sˆ/s, µf) by means of
the charge-symmetric analog of formula (15), using MSTW2008LO PDFs [57] with renormaliza-
tion and factorization scales fixed to the reference point µr = µf = mt = 173.1 GeV. The
corresponding value of the strong coupling constant is αs(MZ) = 0.139, which translates into
αs(mt) = 0.126 using one-loop RG running. The total cross section and tt¯ invariant mass
distribution in the SM have been calculated at NLO [58] with the help of MCFM [59], em-
ploying MSTW2008NLO PDFs along with αs(MZ) = 0.120, corresponding to αs(mt) = 0.109 at
two-loop accuracy. The given total SM errors represent the uncertainty due to the variation
µr = µf ∈ [mt/2, 2mt] as well as PDF errors within their 90% confidence level (CL) limits,
after combining the two sources of error in quadrature. Notice that within errors our SM
prediction for σtt¯ is in good agreement with recent theoretical calculations, that include effects
of logarithmically enhanced NNLO terms [19, 60, 61, 62, 63].
The forward-backward asymmetry AtFB as given in (1) is measured in the pp¯ frame, while
(12), (14), and (15) apply in the partonic CM frame. The transformation from the partonic
CM into the pp¯ frame corresponds to a mere change of integration boundaries of the scattering
angle cos θ. In order to calculate the asymmetric contribution to the cross section in the pp¯
frame, σpp¯a , we employ at Born level,
σpp¯a =
αs
m2t
∑
i,j
∫ 1
4m2
t
/s
dτ
∫ 1
τ
dx
x
fi/p(x, µf) fj/p¯(τ/x, µf)A
pp¯
ij (x, τ, µf) , (34)
where τ ≡ sˆ/s and
App¯ij (x, τ, µf) ≡
∫ 1
c(x,τ)
d cos θ Kij(ρ, cos θ, µf)−
∫ c(x,τ)
−1
d cos θ Kij(ρ, cos θ, µf) , (35)
with
c(x, τ) ≡ 1
β
x2 − τ
x2 + τ
, (36)
and the hard-scattering kernels Kij(ρ, cos θ, µf) have been introduced in (8). Beyond LO the
phase-space integration is more involved. For convenience we thus give the reduction factors
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ctL ctR C˜
V
uu¯/αs C˜
A
uu¯/αs C˜
V
dd¯
/αs C˜
A
dd¯
/αs C˜
V
tu¯/αs C˜
S
tu¯
−0.41 0.09 4.50 0.71 · 10−2 0.68 −1.40 · 10−3 −1.35 · 10−4 8.2 · 10−7
−0.47 0.48 4.95 0.22 · 10−2 0.27 −0.03 · 10−3 −0.70 · 10−4 4.1 · 10−7
−0.49 0.90 5.31 1.79 · 10−2 0.08 −0.64 · 10−3 −2.45 · 10−4 122 · 10−7
Table 1: Results for the Wilson coefficients corresponding to three different parameter points.
The numbers shown correspond to the RS model with SU(2)L × U(1)Y bulk gauge sym-
metry and brane-localized Higgs sector. The coefficients in the first five columns scale as
(1 TeV/MKK)
2 while the one in the last column behaves as (1 TeV/MKK)
4. Further details are
given in the text.
R ≡ σpp¯a /σa that are needed to convert the SM as well as the EFT results of the forward-
backward asymmetry from the partonic CM to the pp¯ frame. In the SM we find RSM = 0.64,
while the ratios necessary to calculate the contributions arising from the various effective
operators are given by RVuu¯ = 0.73, R
V
dd¯
= 0.72, RStu¯ = −1.78, RAuu¯ = 0.58, and RAdd¯ = 0.56.
These numbers correspond to MSTW2008LO PDFs with the renormalization and factorization
scales set to the reference point mentioned above.
With all this at hand, we are now in a position to give the forward-backward asymmetry
in the laboratory frame. Normalizing the result for σpp¯a to σs calculated at NLO,
12 we find the
following expression
(AtFB)
pp¯
RS =
[
1 + 0.22
(
C˜Auu¯ + C˜
V
tu¯
)
+ 0.72C˜Stu¯ + 0.03C˜
A
dd¯
+ 0.034C˜Vuu¯ + 0.005C˜
V
dd¯
1 + 0.053
(
C˜Vuu¯ + C˜
V
tu¯
)− 0.612C˜Stu¯ + 0.008C˜Vdd¯
](
5.6+0.8−1.0
)
% ,
(37)
where all coefficient functions should be evaluated at the scale mt. The central value of our
SM prediction has been obtained by integrating the formulas given in [16] over the relevant
phase space (see (34) to (36)), weighted with MSTW2008LO PDFs with the unphysical scales
fixed to mt. It is in good agreement with (2) as well as the findings of [18, 19]. Unlike [17],
we have chosen not to include electroweak corrections to the forward-backward asymmetry in
the central value of (37). Such effects have been found in [17, 64] to enhance the tt¯ forward-
backward asymmetry by around 9% to 4% depending on whether only mixed electroweak-
QCD contributions or also purely electroweak corrections are included. To account for the
uncertainty of our SM prediction due to electroweak effects we have added in quadrature an
error of 5% to the combined scale and PDF uncertainties.
In order to investigate the importance of the different contributions entering the RS predic-
tions (33) and (37) for the tt¯ observables, we have calculated the relevant Wilson coefficients
at the KK scale for typical sets of bulk mass parameters and anarchic Yukawa couplings Yu,d
(i.e., non-hierarchical matrices with O(1) complex elements). In Table 1 we present our nu-
merical results for the coefficient functions for three assorted parameter points that reproduce
12Using MSTW2008 PDFs and µr = µf = mt = 173.1GeV, we obtain in the SM the symmetric cross sections
(σs)LO = 6.66 pb and (σs)NLO = 6.73 pb from MCFM. Since these results differ by only 1%, the central value of
AtFB does essentially not depend on whether the LO or the NLO cross section is used to normalize (37).
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Figure 4: Size of the absolute correction to (AtFB)
pp¯
RS in the ctL–ctR plane for a KK
scale of 1 TeV. The solid lines indicate the value of Yt necessary to reproduce the
measured mass of the top quark. In the left (right) panel only the parameter region of
the minimal (extended) RS model displayed in green satisfies the constraints imposed
by the Z → bb¯ “pseudo observables”. See text for further details.
the observed quark masses as well as the angles and the CP-violating phase in the quark
mixing matrix within errors. To keep the presentation simple, we show in the table only
the values of the left- and right-handed top-quark bulk mass parameters ctL and ctR . The
numerical values for the remaining bulk mass parameters and Yukawa matrices, specifying
the three parameter points completely, are relegated to Appendix D. We emphasize that the
magnitudes of the shown results are generic predictions in the allowed parameter space and do
not reflect a specific choice of model parameters. From the numbers given in the table, we see
that the ratios of magnitudes of the Wilson coefficients are given by |C˜Aqq¯|/|C˜Vqq¯| = O(10−3),
|C˜Vtu¯|/|C˜Vuu¯| = O(10−5), and |C˜Stu¯|/|C˜Vuu¯| = O(10−6). For what concerns the size of the correc-
tions due to flavor-changing currents in the t channel (encoded in C˜Vtu¯ and C˜
S
tu¯), we mention
that in the RS model based on an SU(2)L × U(1)Y bulk gauge group, the ratio of neutral
electroweak gauge boson (Higgs-boson) to KK-gluon effects is roughly 1/3 (on average 1/50).
In the RS variant with extended SU(2)R symmetry and custodial protection of the ZbLb¯L
vertex, one finds a very similar pattern. The quoted numbers imply that the predictions for
the tt¯ observables considered in our work are fairly model-independent, as they do not depend
sensitively on the exact realizations of neither the electroweak gauge, nor the fermionic, nor
the Higgs sector.
Focusing on the numerical dominant corrections arising from s-channel KK-gluon ex-
change, we see from Table 1 that C˜Vuu¯ and C˜
A
uu¯ are a factor of a few larger in magnitude
than their counterparts involving down quarks. Since the latter coefficients are suppressed
in the total cross section (last bin of the tt¯ invariant mass spectrum) relative to the coeffi-
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cients involving up quarks by the small ratio of quark luminosities ffdd¯ (0.04) /ffuu¯ (0.04) ≈ 1/5
(ffdd¯ (0.17) /ffuu¯ (0.17) ≈ 1/15), the numerical impact of C˜Vdd¯ in (33) is negligible. In practice,
we find that the relevant ratio (0.008 C˜V
dd¯
)/(0.053 C˜Vuu¯)
(
(0.02 C˜V
dd¯
)/(0.33 C˜Vuu¯)
)
amounts to less
than 2.3% (1.0%) for the considered parameter points. In the following, we will therefore re-
strict our attention to the coefficients C˜V,Auu¯ that render by far the largest contributions to the
tt¯ observables in the RS model. From Table 1 we first observe that C˜Vuu¯ grows with increasing
(ctL + ctR), i.e., when the top quark is localized more strongly in the IR (as expected from
(27) and (28)). A similar trend in terms of ctR , though less pronounced, is also visible in
the case of C˜Auu¯. The numbers given in the table furthermore confirm our qualitative findings
from Section 3.1 of strongly suppressed axial-vector couplings, |C˜Auu¯|/|C˜Vuu¯| ≪ 1. Inserting the
numerical values of C˜Vuu¯ and C˜
A
uu¯ into the numerator of (37), we see that also our third expec-
tation (made in Section 3.2) that in the RS model the NLO contributions to AtFB arising from
C˜Vuu¯ are bigger than the LO corrections stemming from C˜
A
uu¯, in fact, holds true. Numerically,
we find that the vector-current contributions to the asymmetry are typically larger by about
a factor of 100 than the corrections due to the axial-vector current.
While this strong enhancement looks promising at first sight, a closer inspection of (37)
shows that in the ratio of the asymmetric and symmetric cross sections the effects of C˜Vuu¯
tend to cancel. Since both σpp¯a and σs are enhanced for C˜
V
uu¯ > 0, but the dependence of
σs on C˜
V
uu¯ is stronger than the one of σ
pp¯
a , positive values of C˜
V
uu¯ will effectively lead to a
reduction and not to an enhancement of the tt¯ forward-backward asymmetry as envisioned in
Section 3.2. Given that C˜Vuu¯ > 0 is a robust prediction of the RS framework, following from
the composite nature of the top quark, we conclude that the corrections to AtFB are necessarily
negative. This feature is illustrated in Figure 4, which shows the predictions for the absolute
RS corrections to the forward-backward asymmetry in the pp¯ frame as a function of ctL and
ctR . The figures have been obtained including only the KK-gluon corrections to C˜
V,A
uu¯ and
employing MKK = 1TeV, cuL = cdL = −0.63, cuR = −0.68, cdR = −0.66, ccL = csL = −0.56,
and ccR = −0.53, csR = −0.63, as well as setting all minors of Yu,d equal (only Yt = (Yu)33 is
allowed to vary in order to reproduce the observed top-quark mass). Both panels show clearly
that in the whole ctL–ctR plane the corrections to (A
t
FB)
pp¯
RS interfere destructively with the
SM. However, even for an optimistic value of MKK = 1TeV, corresponding to a mass of the
lightest KK gluon of around 2.5TeV, we find that after imposing the Z → bb¯ constraints13 the
maximal attainable effects amount to not even −0.05% (−0.10%) in the minimal (extended)
RS model based on an SU(2)L×U(1)Y (SU(2)R×SU(2)L×U(1)X×PLR) bulk gauge group.14
The parameter regions compatible with the Z → bb¯ data are colored green in Figure 4. While
this constraint is very stringent in the minimal model, restricting the allowed parameter space
to a thin stripe with ctL ∈ [−0.60,−0.49], it does not pose a tight bound in the case of the
extended scenario allowing for ctL ∈ [−0.60, 1]. Since the KK-gluon corrections decouple as
1/M2KK, employing MKK = 2TeV instead of 1 TeV implies that the possible effects in the tt¯
forward-backward asymmetry are less than −0.03%.
Our results should be contrasted with the analysis [21], which finds positive corrections
13For a detailed discussion see [52].
14Including all RS corrections, we find that for the three parameter points considered before, the tt¯ forward-
backward asymmetry is shifted by −0.04%, −0.05%, and −0.05% with respect to the SM value.
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to the tt¯ forward-backward asymmetry of up to 5.6% (7%) arising from KK gluons (Z ′-boson
exchange) at LO. In the latter article, sizable corrections to C˜Aqq¯ arise since the left- and
right-handed components of the light-quark fields are localized at different ends of the extra
dimension by choosing cuL = cdL ∈ [−0.4, 0.4] (IR-localized) and cuR = cdR = −0.8 (UV-
localized).15 In an anarchic approach to flavor, such a choice is in conflict with observation,
because it fails to reproduce the hierarchies of light-quark masses and mixings.
5 Conclusions and Outlook
In this work we have studied the interplay between new-physics LO and NLO effects to the top-
quark forward-backward asymmetry AtFB within RS models. In scenarios with flavor anarchy,
the dominant contributions to tt¯ production arise from s-channel exchange of KK gluons. The
axial-vector couplings to light quarks are suppressed due to both their UV localization as
well as the close separation of wave functions of different chiralities in the extra dimension.
The resulting exponential depletion inhibits potentially large s-channel contributions to the
asymmetry at tree level. The suppression of flavor-changing tu¯ couplings turns out to be
even stronger, such that it is impossible to obtain sizable effects in the t channel as well.
Consequently, if the quarks are localized in the extra dimension such that their masses and
flavor mixings are correctly reproduced, LO corrections to the forward-backward asymmetry
in RS models are deemed to be far too small to be able to explain the observed discrepancy
between experiment and SM expectation in AtFB.
We have furthermore shown that vector currents resulting from KK-gluon exchange yield
a positive contribution to the asymmetric cross section σa at NLO and are not subject to any
suppression related to the localization of quark wave functions. Numerically, we found that
the ratio of the products of vector and axial-vector couplings of the light quarks and the top
quark generically satisfies (gqV g
t
V )/(g
q
Ag
t
A) = O(103). This strong enhancement implies that,
despite their loop suppression, NLO vector-current contributions to the asymmetry exceed
the LO axial-vector correction by typically a factor of around 100. However, tree-level vector
currents, arising from KK-gluon exchange, tend to also enhance the symmetric cross section
σs = σtt¯, which enters the normalization of the tt¯ forward-backward asymmetry. Our numerical
analysis reveals that in practice the NLO vector contribution to σa is cancelled in large parts
by the LO contribution to σs, so that the resulting sensitivity of A
t
FB = σa/σs to vector
currents is not very pronounced. This feature not only limits the magnitude of the possible
RS contributions in AtFB to far below the percent level, but also leads to the robust prediction,
related to the compositeness of the top quark, that these corrections are necessarily destructive.
These findings are largely model-independent, as they do not depend strongly on the exact
realization of the electroweak bulk gauge group, the choice of fermion representations, or the
precise nature of the Higgs sector of the considered RS setup.
As our arguments are sufficiently general, they do not only apply to the RS framework
but to the broader class of models with new heavy vector states that have small axial-vector
couplings to light quarks. In particular, many new-physics models which address the flavor
15Notice that the convention of the bulk mass parameters used in [21] differs from ours by an overall sign.
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Figure 5: Results of a combined fit to σtt¯, the last bin of dσtt¯/dMtt¯, and the value of
(AtFB)
pp¯ allowing for new physics in s-channel exchange. The green contours indicate,
from dark to light, the experimentally favored regions of 68%, 95%, and 99% probability
in the C˜Auu¯–C˜
V
uu¯ plane. The horizontal (almost vertical) dashed lines correspond to the
value of the total tt¯ cross section (forward-backward asymmetry in the pp¯ frame).
Further details can be found in the text.
problem via a Froggatt-Nielsen-type mechanism belong to the latter category. The aforemen-
tioned cancellation of vector contributions between the numerator and denominator of AtFB
suggests that in such new-physics scenarios, irrespectively of their sign, large contributions to
the tt¯ forward-backward asymmetry are essentially impossible to achieve, once the experimen-
tally available information on σtt¯ and the high-energy tail of the tt¯ invariant mass spectrum
dσtt¯/dMtt¯ is taken into account. This is illustrated in Figure 5, which shows the results of
a global fit to the available tt¯ data (see (1) and (32)) in the presence of new physics in the
s channel. The colored contours indicate the experimentally preferred region in the C˜Auu¯–C˜
V
uu¯
plane. From the shape and location of the favored area, one infers that a non-zero vector
coefficient C˜Vuu¯ alone does not lead to a significant improvement in the quality of the fit, but
that large corrections to the axial-vector coefficient C˜Auu¯ are needed to get from the SM point
(black dot) at (0, 0) to the best-fit value (black cross) at (8.3, 1.4). In fact, requiring the three
tt¯ predictions to be within the global 95% (99%) CL region allows for maximal values (AtFB)
pp¯
of 5.8% (6.0%) from vector contributions alone. The corresponding point in the C˜Auu¯–C˜
V
uu¯
plane is located at (0,−1.8) ((0,−3.1)). We conclude from these general observations that a
large tt¯ forward-backward asymmetry inevitably has to arise from tree-level effects involving
either axial-vector currents in the s channel with flavor-specific couplings of opposite sign to
light quarks and top quarks or large flavor-changing currents in the t channel. However, both
options are difficult to realize in any explicit construction of physics beyond the SM without
invoking additional ad hoc assumptions about the flavor structure of the light-quark sector.
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There thus seems to be a generic tension between having large effects in AtFB and achieving a
natural solution to the flavor problem.
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A Higgs-Boson Phase-Space Factors
In this appendix we present the explicit form of the phase-space factors appearing in the Higgs-
boson contribution to the charge-symmetric and -asymmetric part of the tt¯ cross section. The
functions fS,A(z) introduced in (21) and (22) read
fS(z) = −βρ
72
[
1 +
ρ (1− z)
2
+
ρ
(
4 + ρ (1− z)2)
8β
ln
(
2 (1 + β)− ρ (1− z)
2 (1− β)− ρ (1− z)
)]
,
fA(z) =
ρ
144
[
1− ρ+ ρ
(
4 + ρ (1− z)2)
4
ln
(
ρ
(
4z + ρ (1− z)2)
(2− ρ (1− z))2
)]
,
(A1)
where z = m2h/m
2
t , β =
√
1− ρ, and ρ = 4m2t/sˆ.
B Wilson Coefficients in the ZMA
In the following, we present the ZMA results for the Wilson coefficients in (23). Specializing
to the case of the up quark (q = u), we find
C
(V,8)
uu¯,‖ = −
4παs
M2KK
[
1
2L
− F
2(ctR) (2ctR + 5)
4(2ctR + 3)
2
− F
2(ctL) (2ctL + 5)
4(2ctL + 3)
2
− F
2(cuR)
4 |(Mu)11|2
∑
i=1,2,3
(2cui + 5) |(Mu)1i|2
(2cui + 3)
2
− F
2(cuL)
4 |(Mu)11|2
∑
i=1,2,3
(2cQi + 5) |(Mu)i1|2
(2cQi + 3)
2
+
L
2
F 2(ctR)F
2(cuR)
(2ctR + 3) |(Mu)11|2
∑
i=1,2,3
(cui + ctR + 3) |(Mu)1i|2
(2cui + 3)(cui + ctR + 2)
+
L
2
F 2(ctL)F
2(cuL)
(2ctL + 3) |(Mu)11|2
∑
i=1,2,3
(cQi + ctL + 3) |(Mu)i1|2
(2cQi + 3)(cQi + ctL + 2)
]
,
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C
(V,8)
uu¯,⊥ = −
4παs
M2KK
[
1
2L
− F
2(ctR) (2ctR + 5)
4(2ctR + 3)
2
− F
2(ctL) (2ctL + 5)
4(2ctL + 3)
2
− F
2(cuR)
4 |(Mu)11|2
∑
i=1,2,3
(2cui + 5) |(Mu)1i|2
(2cui + 3)
2
− F
2(cuL)
4 |(Mu)11|2
∑
i=1,2,3
(2cQi + 5) |(Mu)i1|2
(2cQi + 3)
2
+
L
2
F 2(ctL)F
2(cuR)
(2ctL + 3) |(Mu)11|2
∑
i=1,2,3
(cui + ctL + 3) |(Mu)1i|2
(2cui + 3)(cui + ctL + 2)
+
L
2
F 2(ctR)F
2(cuL)
(2ctR + 3) |(Mu)11|2
∑
i=1,2,3
(cQi + ctR + 3) |(Mu)i1|2
(2cQi + 3)(cQi + ctR + 2)
]
, (B1)
and similar relations hold in the case of the remaining light quarks q = d, s, c. Here (Mu)ij
are the minors of the up-type Yukawa matrix Yu. For the t-channel Wilson coefficients in the
vector channel, we obtain
C
(V,8)
tu¯,‖ = −
παs
M2KK
L
[
F 2(ctR)F
2(cuR) |(Mu)13|2
(2ctR + 3)(ctR + 1) |(Mu)11|2
+
F 2(ctL)F
2(cuL) |(Mu)31|2
(2ctL + 3)(ctL + 1) |(Mu)11|2
]
,
C
(V,1)
tu¯,‖ = −
παe
M2KK
L
s2wc
2
w
[
(T u3 −Qus2w)2
F 2(ctL)F
2(cuL) |(Mu)31|2
(2ctL + 3)(ctL + 1) |(Mu)11|2
+
(
s2wQu
)2 F 2(ctR)F 2(cuR) |(Mu)13|2
(2ctR + 3)(ctR + 1) |(Mu)11|2
]
− παeQ
2
u
M2KK
L
[
F 2(ctR)F
2(cuR) |(Mu)13|2
(2ctR + 3)(ctR + 1) |(Mu)11|2
+
F 2(ctL)F
2(cuL) |(Mu)31|2
(2ctL + 3)(ctL + 1) |(Mu)11|2
]
.
(B2)
For completeness we also give the result of the Higgs-boson contribution to the t channel. We
find for the dimensionless coefficient
C˜Stu¯ = |(guh)13|2 + |(guh)31|2 , (B3)
where
(guh)13 = −
mu
v
m2t
M2KK
(
W †u diag
[
1
1− 2cui
(
1
F 2(cui)
− 1 + F
2(cui)
3 + 2cui
)]
Wu
)
13
+
v2
3
√
2M2KK
(
U †u diag [F (cQi)] YuY
†
u Yu diag [F (cui)]Wu
)
13
,
(guh)31 = −
mu
v
m2t
M2KK
(
U †u diag
[
1
1− 2cQi
(
1
F 2(cQi)
− 1 + F
2(cQi)
3 + 2cQi
)]
Uu
)
31
+
v2
3
√
2M2KK
(
U †u diag [F (cQi)] YuY
†
u Yu diag [F (cui)]Wu
)
31
,
(B4)
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and the 3× 3 unitary matrices Uu and Wu are defined through
diag [F (cQi)] Yu diag [F (cui)] =
√
2
v
Uu diag[mu, mc, mt]W
†
u . (B5)
C RG Evolution of the Wilson Coefficients
This appendix contains analytic formulas relating the Wilson coefficients evaluated at the
top-quark mass scale mt with their initial conditions calculated at MKK ≫ mt. Since in the
RS model the t-channel Wilson coefficients C˜Vtu¯ and C˜
S
tu¯ turn out to be numerically irrelevant,
we will not consider their running in the following. We perform the RG evolution at leading-
logarithmic accuracy, i.e., at one-loop order, neglecting tiny effects that arise from the mixing
with QCD penguin operators. For the s-channel Wilson coefficients entering the formulas (33)
and (37), we find for P = V,A,
C˜Pqq¯(mt) =
(
2
3η4/7
+
η2/7
3
)
C˜Pqq¯(MKK) , (C1)
where η ≡ αs(MKK)/αs(mt) is the ratio of strong coupling constants evaluated at the relevant
scales MKK and mt.
In order to get an idea of the potential impact of RG effects, we evaluate (C1) using
αs(MZ) = 0.139, MKK = 1 TeV, and mt = 173.1 GeV, which leads to η = 0.803 at one-loop
order. We obtain
C˜Pqq¯(mt) = 1.07 C˜
P
qq¯(MKK) , (C2)
from which we conclude that the RG evolution increases the Wilson coefficients C˜Pqq¯ by about
7% with respect to the values quoted in Table 1. Operator mixing thus represents only a
numerically subdominant effect.
D Parameter Points
In order to make our work self-contained, we specify in this appendix the complete set of
model parameters, namely the bulk mass parameters of the quark fields and the Yukawa
matrices, corresponding to the three parameter points used in our numerical analysis. All the
parameter sets given below have been obtained by random choice, subject to the constraints
that the absolute value of each entry in Yu,d is between 1/3 and 3, and that the Wolfenstein
parameters ρ¯ and η¯ agree with experiment within errors. The bulk mass parameters have
then been determined using the warped-space Froggatt-Nielsen formulas given in [49], which
guarantees that the quark masses and mixings are correctly reproduced. For further details
concerning the algorithm used to scan the parameter space of the RS model, the interested
reader is referred to [48].
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Our first parameter point is specified by the following bulk mass parameters16
cQ1 = −0.611 , cQ2 = −0.580 , cQ3 = −0.407 ,
cu1 = −0.688 , cu2 = −0.550 , cu3 = +0.091 ,
cd1 = −0.665 , cd2 = −0.627 , cd3 = −0.577 ,
(D1)
and Yukawa matrices
Y u =
−1.303− 0.364 i − 1.215 + 0.089 i −1.121− 1.679 i1.857 + 1.199 i 2.038 + 1.105 i −0.484− 0.193 i
−1.052 + 0.546 i − 2.833 + 0.191 i −1.287− 1.141 i
 ,
Y d =
−0.661− 1.118 i − 0.075− 0.656 i 0.141− 0.465 i−2.070 + 1.364 i − 2.518 + 1.435 i 0.717− 0.165 i
0.306 + 2.830 i 0.034− 0.350 i −0.951− 0.829 i
 .
(D2)
The second parameter point is given by
cQ1 = −0.646 , cQ2 = −0.573 , cQ3 = −0.449 ,
cu1 = −0.658 , cu2 = −0.513 , cu3 = +0.480 ,
cd1 = −0.645 , cd2 = −0.626 , cd3 = −0.578 ,
(D3)
and
Y u =
 0.637− 1.800 i 1.518− 2.209 i 0.904 + 0.146 i0.219− 0.207 i − 0.333− 0.942 i 0.597 + 0.020 i
1.829 + 1.538 i − 0.018 + 1.772 i −1.258 + 1.265 i
 ,
Y d =
−2.835− 0.946 i − 0.404 + 0.746 i −1.135 + 0.060 i0.724− 0.350 i − 2.214− 0.555 i 0.610− 0.051 i
0.701− 0.101 i − 0.154 + 0.104 i 1.514 + 0.919 i
 .
(D4)
Finally, our third parameter point features
cQ1 = −0.624 , cQ2 = −0.563 , cQ3 = −0.468 ,
cu1 = −0.712 , cu2 = −0.560 , cu3 = +0.899 ,
cd1 = −0.659 , cd2 = −0.642 , cd3 = −0.571 ,
(D5)
16Here and below, results are given to at least three significant digits.
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and
Y u =
−0.541 + 1.517 i − 1.083 + 1.857 i 1.718− 2.057 i0.359− 1.713 i − 2.208 + 1.404 i −1.160 + 0.886 i
−1.172− 0.543 i − 0.116− 0.238 i −0.669− 1.688 i
 ,
Y d =
−0.878− 1.677 i 0.190 + 0.573 i −0.817 + 2.663 i−1.792 + 0.861 i − 2.880 + 0.132 i −0.070− 1.151 i
−1.679 + 1.588 i 0.972 + 0.615 i 1.421 + 0.981 i
 .
(D6)
Here cQ1 = cuL = cdL , cu1 = cuR, and cd1 = cdR and similarly in the case of the second and
third quark generation.
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